Introduction
Model following control (MFC) is one of practical methods to control high order systems. A model following controller contains an ideal model of the plant and a real control system tracks the behavior of the ideal model output. Several types of MFC schemes have been proposed [1] [2] [3] [4] .
In this paper, we adopt a MFC scheme which provides the output and the control input of the ideal model as reference input and feed-forward control input to the real system, respectively. This can improve the transient response of the real system but sometimes the output has a large overshoot when real systems have unstable zeros. We propose a modification of this scheme to reduce overshoot by inserting an additional compensator. Moreover, we apply the modified scheme to the hard disk drive seek control problem.
A Motivative Example
Let us consider a hard disk drive system in the benchmark problem [4, 5] , where the transfer function P f (s) of the real hard disk drive and its nominal model P m (s) are given by P m (s) = K p /s 2 and
where the second term represents high-frequency resonant terms, w i = 2πf i . f i A i and ζ i denote resonant angular frequency, magnitude and damping coefficient of the i-th resonant term, respectively. According to the benchmark problem, we consider 18 perturbed plants.
The block diagram of the traditional MFC system is shown in Fig. 1 
where K m = 1.5 × 10 −6 , α m = 6632, and F m = 10.56. To suppress the resonance modes and to reduce the difference between P f (s) and P m (s), we use a compensator C 1 (s) (notch filters + a lead compensator) given by
where T 1 = 0.00005, α = 0.6, ω j = 2πf j . f j , ζ j and d j are the center frequency, the width and depth of the j-th notch, respectively, and their values are shown in Table 1 . Let us discretize C m (s) and C 1 (s) by using the Matlab function 'c2d' with the option 'matched' and the sampling time T s = 3.7879×10 −5 [s] . We also discretize P m (s) and P f (s) by using the Matlab function 'c2d' with the option 'zoh' and the sampling time T s . Then, we have the characteristic shown in Fig. 2 .
Moreover, we consider the mixed sensitivity problem for the high order system in Fig. 1 , and we design an H ∞ -optimal controller C f (z) by using the Matlab function 'dhfsyn', and C f (z) = (0.01429z In Fig. 3 , we show step responses y f with MFC (i.e., y f in Fig. 1 ) and step responses y f without MFC (i.e., y f when we replace the reference input y and feed forward control input u for high-order system in Fig. 1 with a step input r and 0, respectively) by solid-lines and dotted-lines, respectively. y f 's with MFC converges to target value 10 in 3[ms], which is three times faster than y f 's without MFC. This demonstrates an advantage of applying MFC scheme. In Fig. 3 , we also show the step response y of the model by dashed-line. Rise times of y and y f 's with MFC are very similar, but y f 's with MFC have a big overshoot.
In many cases, we do not have such a big overshoot. In the following, we consider the reason of this undesired result and propose a method to improve the situation. Moreover, for simplicity, we drop (z) when it is obvious from the context.
Improvement
Transfer functions H yr from r to y and H y f r from r to y f in Fig. 1 are given by
respectively. The above H y f r can be represented by
where
The frequency responses of H 1 and H 2 are shown in Fig. 4 and Fig. 5 , respectively. Since H yr and H 1 coincide with each other well in Fig. 4 , we guess that overshoots in y f 's with MFC shown in Fig. 3 are caused by the characteristics of H 2 shown in Fig. 5 . Frequency responses of P m and P f C 1 are shown in Fig. 2 . From Fig. 2 , we can see that P f C 1 gives a good approximation of P m for gain characteristics but there is a big difference in phase characteristic. Let us consider a configuration shown in Fig. 6 , where we inserted an additional compensator C 2 . Then we havẽ
wherẽ
The additional compensator C 2 is designed so that not only gain characteristics of C 2 P m and P f C 1 but also phase characteristic of them are similar in the frequency range such that |P m (jω)C 2 (jω)C f (jω)| ≥ 0.1. Then the frequency response of 1+P m C 2 C f gives a good approximation of that of 1 + P f C 1 C f . In this paper, we set C 2 = C 1 and have frequency responses shown in Fig. 7 . Now we show simulation results of the control system in Fig. 6 . Let step reference input r = 10. In Fig. 8 , we show y f 's with MFC in Fig. 1 and Fig. 6 by dotted-lines and solid-lines, respectively. The improvement by adding C 2 is obvious. Overshoots of y f 's with C 2 are much smaller than those of y f 's without C 2 .
Conclusion
This paper proposed an improved configuration of MFC scheme. The compensator C 1 is designed so that the gain characteristics of P m and P f C 1 are similar. When P f has unstable zeros, the similarity of the gain characteristics of P m and P f C 1 does not means that of the phase characteristics, and the compensator C 2 is needed so that both gain and phase characteristics are similar in the bandwidth of H r and H y f r .
Mechanical systems such as cranes and inverted pendulums are example of systems having unstable zeros. The proposed method is useful for controlling of these systems.
